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SU]\-!MARY 



A number of saiaples of flight acceleration data 
taken by the National Advisory Cc-?:aiittee for Aeronautics 
under a variety of operating conditions were evaluated to 
determine the total frequencies and the frequency dis- 
tribution of atmospheric gusts ♦ The samples include 
lyi+Q hours of operation by several airplanes of the 
domestic airlines of the United States, a Martin M-IJO air- 
plane of the Pacific Division of Pan American Airways 
System, and the Boeing B-IS airplane of the Army Air Forces. 
These data are supplemented by V-G records, so that more 
than 9*000^000 miles of onoration are renresented. Samples 
taken on an Aeronca C-2 airplane at low altitude in the 
turbulent air of the earth's boundary layer are compared 
with similar samples taken on the Lockheed XC-55 airplane 
at high altitude within cumulus-congestus and cumulo- 
nimbus clouds . 

Siinilar data of German origin have been reanalyzed 
and included for comparison. 

It was concluded that the distribution of gusts 
within turbulent regions of the earth's atmosphere 
follows a substantially fixed pattern regardless of the 
source of 'bhe turbulence. The total frequencies are 
therefore governed by the total length of flight path 
in rough air, and operating conditions determine the 
total frequencies only by affecting the ratio of the 
length of flight path in rough air to total length of 
the path. Gust-load frequencies were found to be 
Inversely proportional to airplane size. 

It was further concluded that the gust frequencies 
can be applied with small error to the estimation of 
stress frequencies in the primary structures of airplanes. 
The results of the analysis are applicable to the fatigue 
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testing of the Drimary struccure of the airframe and to 
the estimation of the probability of encountering gusts 
of excessive intensity within any stated period of'* 
ope rati on • 

INTRODUCTION 



The trend in airplane design toward higher wing 
loading, higher soeed, and larger size - and consequently 
toward higher mean stresses and greater severity of loads 
on the structure - has resulted in a growing appreciation 
by designers of th^ potential importance of fatigue in 
the primary structure and of the necessity for designing 
on the '".'asis of fabigue strength for limited "life 
expectancy." Reference 1, for exaivole ^ displays a great 
deal of concern about the fatigue life of airplane 
structures. 

Life exnectancy is governed not only by fatigue but 
also by the probability of occurrence of single quasi- 
sbatic loads of such high magnitude as might endanger 
the structure directly." This problem has been made 
more acute by the overloading of airplanes due to 
wartim_e traffic demands. 

An obvious prerequisite for control of fatigue 
strength and for the determination of the probability 
of single large loads is flight data that show the 
frequency of occurrence of loads or stresses in the 
structure correlated with the many factors that influence 
the frequencies. In the flight operations of transnort- 
type airplanes the principal source of structural loads 
and stresw^es is atmospheric b-iirbulence , and most of the 
required flight data annli cable to transport airnlanes 
may be obtained by measurements of the loads or stresses 
during cruising flight in rough air. 

Kaul (reference 2) and Preise (reference 5) have 
nresented data on the wing-load histories experienced 
by a number of airnlanes both under special test condi- 
tions Xn rough air and in so-ne 600 hours of cruising 
flight on several branches of the Deutsche Lufthansa. 
Kaul obtained results b'^ means of an accelerometer located 
near the center of gravity of the airplane and Freise^ 
by means of a strain gage mounted on a chord member of a 
wing spar near the wing root. The results were expressed 
in references 2 and 3 i^- terms of applied wing load. 
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The NACA has from tim.e to ti:ne collected data 
similar to those presented by Kaul and Prelse, These 
data Include acceleration measurements from 1520 hours 
of the early operations of the dom-estic airlines of the 
United States, JIJ hours of miscellaneous cross-country 
flying by the Boeing B-I5 airplane, a 115-.hour round- 
trip flight between Alameda, Calif., and Hong Kong, China^ 
by a Martin M-I50 airplane of Pan Am..erican Airways System, 
and two special p;ust investigations in the vicinity of 
Langley Field, Va* Data taken with the NACA V-G recorder 
(reference I4.) during some 8,500,000 m_ilos of airline 
operations are also included to take into consideration 
the rare gusts of great intensity that are not normally 
encountered during the taking of sam.ples of limited 
scope • In the present paper these data are analysed and 
compared with the German data of references 2 end 5 
to establish a broader basis for the determination of 
the frequency of loads resulting from atm.ospherlc gusts. 



SYKBOLS AND NOlffiUNCLATURE 



acceleration increment normal to chord of wing, 
g units 

weight of airplane 

v/ing area 

slope of lift curve 

mass density of air at sea level 

equivalent airspeed 

effective gust velocity 

relative alleviation factor 

mean v;ing chord 

total frequency, total number of occurrences of 
a phenomenon in a sample 

frequency, n^amber of occurrences of a phenomenon 
within a class interval 
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f;p relative frequency (f/F) 

X-g^^ average gust interval, average distance along 
flight path in turbulent air between 
significant gusts 

L path of operation, total length of flight path 

for any considered scope of operation 

R path ratio, ratio of length of flight nath in 

turbulent air to path of operation 

The class interval .Is the range between two values 
of a measured quantity- within which measurements of like 
value are grouped (or classed) for the purpose of tabula- 
tion of frequencies . The class mark is the definitive 
value, or midvalue, of a class. 



'EFFECnW GUST VELOCITY AS BASIC ATTRIBUTE 



In most investigations of atmospheric turbulence 
conducted by the NACA, the acceleration response of 
airplanes to the gusts has been utilized in the measure- 
ment of atmospheric turbulence. Although much of the 
philosophy underlying the concepts involved in the use 
of acceleration response in the measurement of turbulence 
has not been published, some basic considerations are 
discussed in references If. to 6. These considerations 
lead to the relatively sim^rle concept of an "effective 
gust velocitjT-, " which has been selected as the basic 
attribute or independent variable to which the statistical 
analysis best anpiies. ihe effective p:ust velocity is 
defined by the relation 

PoaKU^Yc-/^:: 



Tb.e relative alleviation factor K allows for the 
velocity of the airplane normal to the flight nath caused 
by application of acceleration during the finite time of 
action of the gust. Th(d factor K is given as a function 
of the wing loading in figure 1. The derivation of this 
curve, which takes into consideration the lag in transient 
development of lift and the gust gradient, is attributable 
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to the aiithors but has not bsen published. The curve 
in figure 1 is TDart of the Anerican design requirements 
and has been priblished as figure 11(a) in reference 7. 
Although derived at a relatively early date when little 
information on gust gradients was available, the rela- 
tionship described by the curve has remained in excellent 
agreement with suDsequently obtained flight data and with 
advances in the theory of unsteady lift." 



SCOPS OP KEASURSMSNTS 
Extent of Operations 



Domestic airlines .- Acceleration records for 
1320 hoars, or about lk5,0C0 miles, of flight were 
obtained during the early days of transport operations 
on the domestic airlines cf the United States. The 
data were taken during routine scheduled operations 
over a ^^eriod of about 2 3-ears. The average operating 
altitude was about kOOO feet above sea level. The 
airplanes on v/hich the measurements were made included 
the following tynes: Foi-d 5-AT, Pokker P-IO-A, 
Boeing [|.0-E, and Boeing 8O-A. The routes flown covered 
most se-ctions of the United States and represent all 
types of climate and topography in this country. The 
data from these early domestic-airline operations are 
referred to subsequently as "sample 1." The charac- 
teristics of the airplanes and a sum:nary of the operating 
conditions for all the samples are given in tables I 
and II, respectively. 

A large number of acceleration records were obtained 
later on the domestic airlines. These records rep-^esent 
1^2,10^ hours, or about 7,000,000 miles, of routine 
transport operations by Boeing B-2k7, Douglas DG-2, 
and Douglas DC-3 airplanes on several airlines covering 
most sections of the United States. The data from these 
later domestic operations are called samples 2, 3 and k 
for the B-2k7, DC-2, and DC-J airplanes respectively. 
(See tables I and II. ) 

Alameda to Hong Kong .- Records were taken with a 
num.ber of instrioments during a round- trip flight in 
June 1938 from Alameda, Calif, to Ilong Kong, China 
by a Martin M-I30 airplane of Pan American Airways 
System. The average altitude v.'as about 10,000 feet 



6 



NAG A ARR No. lit. 121 



and the flyin-^. time was II5 hoiu^s, go rres ponding, to 
17,000 miles of flight. The data from this flight 
are called sample 5- 

Records of acceleration covering 12,232 hours, or 
about 1,520,000 miles, of routine operations with 
Martin M-I30 and Eoeing B-Jlii airplanes are included 
in the analysis for the route from. Alameda to Hon^ Kong. 
The data from these operations are called sample 6. 

B oeing P-15 airplane .- Records of acceleration 
were Taken on the airplane during 515 hours, or 

about [u3,000 miles, of miscellaneous flying including 
a number of cross-country flights over various sections 
of the United States and one round trip to the Panama 
Canal Zone. These flights were made between November 1953 
and June 19^j-0. The average altitude of the operations 
was about 5 '^00 feet. The data are subsequently called 
sample 7« 

XC-53 ai rplane The Army Locl-±i.^ed XC-55 alrolai^e 
was flown in *THe vTcinity of Langley Field, Va . during 
an investigation of atmospheric turbulence in the 
summers of 19l-i-l and I9J4-2. JJeasurements of acceleration 
and airspeed vi/ere taken only during flight through rough 
air, mostly within cumulus-congestus and cumulo-nimbus 
clouds • The surveys were made at various altitudes up 
to 5^5^00 feet. Only two samples from these surveys 
are included in the analj^-sis. One of these samples 
(sample 8) v;as selected at random from the several sets 
of data; the other sample (sample 9) represents the 
r oughe s t f 11 ght . 

Aeronca C-2 airplane An Aeronca C-2 airplane was 
flown during an investigation in 1957 of turbulence at 
very lov/ altitudes in the earth's boundary layer. A 
sample (sam.ple 10) was selected at random from the 
complete data and is included here for analysis. 



Apparatus and Limit^.tions 

Do?ne s t i c a 1 r 1 ine s (e arly operations ) In the early 

transport operations only acceleration records were 
obtained. The records v;ere made v/lth commercial vibra- 
tion recorders that had been rebuilt into accolerome ters 
by the NACA. These acceler ometers recorded against time 
on a v/axed-paper disk about l\. inches in diameter. The 
instruments were arranged to make one revolution of the 
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disk in several hours. The time scale was therefore 
cramped and only the moderate and the large values of 
acceleration could be counted. 

As the airspeed was not recorded, effective gust 
velocities were evaluated on the basis of the known 
cruising speeds of the airplanes. 

Although the slopes of the lift curves were known 
from available data^ the v;ing loadings of the airplanes 
as flown wrere not usually known. Effective gust 
velocities were, therefore, evaluated on the basis of 
the assumption that the airnlanes v/ere flown at normal 
gross weight. This assTimption leads to somewhat 
conservative values, as the airplanes were usually 
flown at less than normal gross weight. 

Domestic airlines (recent operations) ,- In the more 
recent domestic transr-ort operations , both acceleration 
and airspeed were recorded by means of NACA V-G recorders, 
which are described in reference Ij.. These instruments do 
not record against time; the accelerations are registered 
vertically on a sr.all smoked-glass plate while the values 
of airspeed are recorded horizontally. The record is 
an envelope of the maximum, and m.inim.um values of accelera- 
tion against a scale of airspeed. The sm.all accelerations 
are illegible within the envelope and only the larger 
values of acceleration that project beyond the envelope 
of the sm.all values can be co^onted. 

No assumption as to airspeed is required v^^ith the 
NACA V-G recorder, as the instantaneous value of airspeed 
associated with any observed acceleration is given by 
the record. 

As m the case of bhe early transports, the wing 
loadings of the more recent transport airplanes as 
flown were not Icnown exactly. It was determined, 
however, that a reasonable approximation of the average 
operation weight was 85 percent of the normial gross 
weight; this value was used in the evaluation of effective 
gust velocities. 

Alam.eda to Hong Kong .- During the round-trip flight 
between AlLameda and Eong Kong of the M-13O, the airplane 
was equipped with an NACA V-G recorder, an NACA recording 
accelerome ter, an NACA airspeed recorder, and several 
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NACA scratch-recording strain gages. Both the accel- 
erometer and the airspeed recorder recorded the measured 
quantities agaiiist time with a scale sufficiently open to 
permit detailed evaluation of the records. The strain 
gages also recorded against time, .hut the motion was of 
an intermittent character so that all the strain peaks 
could not he counted. Only one strain gage operated 
satisfactorily throughout the flight. Many of the strain 
values could, however, be correlated with the accelera- 
tion measurements. 

During the flight an observer operated the instru- 
ments and a complete log of time spent in rough air,, 
total time, airr^lane weight, and other pertinent detail 
was kept. The records therefore permit a complete and 
accurate evaluation the frequencies of effective gust 
velocities . 

Except for the records taken on this round-trip 
flight, all records of acceleration and airspeed taken 
on the Alameda-Hong Kong route v/ere made with NACA V-G 
recorders . 

B-1^; airr)lane .- The B-I5 airplane was equipped with 
an NACA recording accelerome ter and an NACA airspeed 
recorder having t^'?e time scales sufficiently open to 
permit detailed evaluation of the records. A number 
of NACA and DVL type scratch- recording strain gages 
were installed on shear and chord members of a v\/ing spar 
at two stations along the span. The DVL type gages 
recorded continuously against tim.e, and a count of the 
strain peaks is possible although such a count has not 
been made. As in the case of the round-trip flight to 
Kong Kong by the M-130 airplane , the strain records are 
used herein only to show the relationship between a 
number of measured strains and accelerations. 

During the flights of the 3-15 airplane, an observer 
operated the instruments and kept a complete log of time 
spent in rough air, total time, airplane weight, and 
other pertinent quantities. The records from these 
flights therefore pennit a co"nplete and accurate 
evaluation of the frequencies of effective gust velocities. 

XC-35 airplane .- The XC-55 airplane v^/as equipped 
with an NACA recording accelerom.e ter and an NACA air- 
speed recorder set to give an open time scale. The records 
obtained are amenable to detailed evaluation. The 
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ocerating weights for all flights are known, and effec- 
tive gust velocities can be coripletely and accurately 
evaluated . 

Aeronca C-2 airnlane ,- The Aeronca 0-2 airplane 
v/a3 alwsc fitted with an NACA recording accelerorne ter 
and an NACA. airspeed recorder, and the operating weights 
are accurately known. Detailed evaluation of effective 
gust velocities is possible from the records. 



EVALUATION OF FRE0U3NGY DISTRIBUTIONS 
AND TOTAL FRE^USKC lES 
Method of Count 



The method of counting frequencies used herein 
was dictated largely by the type of record available 
for analysis and by the quality of the records. Only 
the records from the NACA accelerome ter permitted 
detailed examination, but even with those records it 
was necessary for practical reasons to confine the count 
to single m.axlmums and minimums, or peaks, between any 
two consecutive intersections of the record line with 
the Ig reference level. This method of count neglects 
the m.inor oscillations superimposed on those counted, 
Kaul (reference 2) em.oloyed a similar method of count, 
and in this respect the Germ.an and the American data 
are comparable . 

From the records for sample 1, in wh'ch the time 
scales were cramped, and from the records taken with 
NACA V-G recorders it was not possible to determine 
whether the acceleration returned to or crossed the 
Ig reference level after the attainment of a maximum 
or minimum valu.e . In these cases, therefore, the 
evaluation was made by co^anting the acceleration peaks 
standing out from the envelopes of the small accelerations. 

Since, except for the V-G data, it vjas considerably 
more convenient to count accelerations directly than to 
convert accelerations to effective gust velocities prior 
to the co''jint, the conversion was made for relatively 
short sections of each sample on the basis of mean air- 
speeds for these sections. In this way large errors in 
airspeed Yueve avoided and the small deviations oi' the 
airsneed from t'le selected means v/ere of no great 
significance . 
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Class Intervals 

The intervals for the classification of frequencies 
were chosen at about the smallest values consistent with 
the accuracy of the several acceleratj on measurements - 
namely, about O.lg. For a nuiaher of reasons the 
intervals were not always quite the same. This fact is 
of no consequence for, in any event, since the accel- 
eration values v\rere conveniently converted to effective 
gust velocities after the count was made, the class 
intervals expressed in terms of effective gust velocity 
would not rerrain equul for the various samples because 
of differences in aimlano characteristics and airspeed. 
The class intervals, expressed in terms of gust velocity, 
corresponding to the actual evaluation are given in 
table III. 



Threshold Values c'f Acceleration 

and "Effective '^ust Velocity 

In counting the frequencies in the lowest class 
(that is, the class containing the smallest values of 
acceleration), the result depends upon the minimxum values 
that can be observed. On the records from the NACA accel 
erometer, variations In acceleration attributable to 
gusts as small as 0.02g can be conveniently observed, 
and all greater values can therefore be counted. This 
limit of acceleration for v/hich the count can be made is 
tenned herein the ^'threshold value" of the acceleration. 

On the V-Ci records and the records from, the con- 
verted coiTiiiercial recorders used in obtaining sample 1, 
the threshold values of acceleration were rather high 
because of the limitations of the instruiTients previously 
described. 

The threshold values for "che samples are given in 
terms of effective gust velocity in table III. 



Re 1 a t i ve - Fr e q ue n c y Di s t r i bu t i on 

The frequencies f and the total frequencies P of 
the gusts for the 10 samoles are given in table III as 
counted within the selected class intervals and to the 
threshold values of effective gust velocity. 
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In order to arrive at the broadest and most rational 
view of gus t-f reqn.ency distribution, all daba were 
plotted in the form of relative-frequency polygons 
(reference 8). The polygon of relative gust frequencies 
is a graph of the ratios f/P = fp for the different 
classes plotted at the respective class marks on a scale 
of effective gust velocity. Since the shape of such a 
polygon is dependent upon the size of the class interval 
and upon the class mark of the lowest class within v;hich 
the comt is made, polygons for the different samples 
can be compared only when plotted for a common class 
interval and for a comtm.on lowest class. In order to 
place all the data on a comparable basis, a common 
class Interval of I4..5 feet rer second, the largest of 
the class inter x^als for which coimt was made, was chosen. 

Since samnle 5 samples 7 to 10 have about the 

same small threshold value "falling within class 1, 
relative-frequency polygons for these sam.ples can be 
plotted i-.rimediately after conversion to the common class 
interval. The polygons for samnles 5 ^nd 7 shown 
in figure 2; the polygons for saniples 8 and 10, in 
figure 3; and the polygon for sample 9, in figure 4. A 
reference polygon, "relative distribution A," is shown 
in these figures to facilitate com.parisons • 

In constructing polygons from, the remaining data, 
samples representing generally sim.ilar operations were 
combined. The combination of these samples, which 
include the V-G data, was performed in such manner as to 
bring the relative frequencies of the rarer large gusts 
into a proper relationship with the other data. The 
basic assumption involved in the process was that, for 
data covering a large scope of operations, the relative- 
frequency distribution follows a single pattern. The 
validity of this assumption Is discussed in a later 
section . 

Jxi the case of samples 1 to all of which 
represent domestic transport operations, none of the 
data extended to low values of effective gust velocity 
for reasons previously given. The total frequencies 
for these samples are, thierefore, relatively smaller 
than the total frequencies for -che more refined samples 
because of the omission of the frequent low- value gusts. 
In order to bring the relative-frequency polygon for the 
combined samples 1 to 1+ into proper relationship with 
the polygons for the more complete samples, it was 
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necessary first to estiirate the frequencies of the 
missing lov/-value gusts and the corresponding total 
frequencies. For this purpose a mean relative-frequency 
distribution from samples 5^ 7> 8, and 10 was assumed to 
represent the missing lov/-value gusts of samnle 1, which, 
of the combined samples 1 to liad the lowest threshold 
value. With this assumption, the total frequency of 
sample 1, including the frequencies of the lower classes, 
was estimated to be 1,600,000 gusts for the 1520 hours 
of operation. 

The frequencies of samnle 2 were then reduced by the 
ratio of the path of operations of sample 1 to the path 
of operations of samnle 2 (table IV), Similarly, the 
frequencies of samples 3 ^-^nd were reduced to correspond 
to tiie path of operations of sample 1, The s^om of the 
reduced frequencies within each class of samples 2, ^, 
and [[, was then added to sample^ 1 to obtain the polygon 
for the combined samples 1 to Ij., 

In combining samples 1 to I4. a precaution was 
necessary in regard to class 6 because of the following 
considerations. After conversion of sample 1 to class 
interval )i.5^ tl'^^ highest class in v/hich data fell was 
class 6. This class is the lowest in which data from 
the V-G records fell. Thus, frequencies were available 
from all samples of the combination only in this class. 
In arriving at a combined frequency for class 6, two 
possible methods could have been used; namely, either 
the reduced frequencies from samples 2, 5, and could 
have been averaged with the frequency of 3 ample 1, or 
the most reliable sample could have been used without 
inclusion of the less reliable samples. The second 
method was actually used and the frequency for class 6 
was taken from sample 1 since the obscuration of some 
class 6 acceleration peaks within tlie V-G envelopes of 
samnles 2, 3, and i| made these data less reliable for 
this class . 

The frequencies for samples 3 ^'-^^^ 6 were combined 
in a manner similar to that in which samples 1 to I4. 
were combined. In this case, however, it was 
unnecessary to estimate a total frequency lor sample ^, 
as the threshold value was comnarable to the threshold 
values of the other com-olete samples. Also, inasmuch 
as the highest gust-induced acceleration for both 
samples was recorded within the rather limited scope 
of sample 5^ this one value was assigned a frequency 
of unity for the combined samples. 
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Polygons for the combined samples 1, 2, 5, and L|. 
and for the combined samples 5 ^^-^ 6 are shown in 
figure 2. 

DISCUS3ICN 
Relati ve-Frequency Distribution 



Signi fica nce of various sam,ples .- 'The relative- 
frequency distribution for any sample of data does not 
necessariljT- rer^resent general average conditions, r'or 
instance, the frequency distribution of sam.ple 5 is not 
reDresentati ve of average conditions because of the 
occurrence in sample 5 of one of the most severe gusts 
ever experienced on the Pacific Division of the 
Pan American Airvv^ays System. Even vvithout other samples 
for comxparison, this fact mizht have been suspected from 
the form of the relative-frequency polygon for sample 5 
in figure 2, which shows a sudden break to large values 
of Tie. Sample 9 is another case tl-at is not repre- 
sentative of average conditions, because this sample 
was obtained during the roughest of a considerable 
number of flights made during a special investigation 
of turbulence within cumulus-conge stus and cumulo-nimbus 
clouds. For sample 9^ can be observed from a com- 
parison of t^:^e polygon in fig^ire Ij. v;ith the other 
nolygons in figures 2 and 5, the frequency distribution 
indicates relatively high proportion of gusts of high 
intensity. 

In contrast to the '^fullness" of the frequency 
distributions for samples 5 and 9, the frequency distri- 
bution for sample 7 shoves relatively low proportion of 
gusts of high intensity. Tl-iis result is in line with 
the conditions of ODeration, according to v;hich regions 
of high turbulence were avoided as far as possible so 
that greater weight was given the frequencies of the 
smaller gusts . 

Since the conditions governing samples ^, 7 5 ^^d 9 
are known to give rise to more or less extreme frequency 
distributions, a sam.ple representative of average condi- 
tions applicable to large scone of operations would be 
expected to lie somev;here bebween the extremes. Probabl 
the most representative of the samples containing 
detailed data in the lowest classes are sam.nles o and 10 
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w^ich were selected at random from a considerable m.ass 
of data. The relat 1 ve- freq-aency polygons for these 
samples (fig. ^) may be observed by comparison with 
figures 2 and Li to lie between the polygons for 
samples ^ and 9 and inside the end point of the polygon 
for sample S. 

The combination of samples 1 to I4, and of samples 5 
and 6 in the manner described greatly extends the scope 
of the data apnlicable, to the respective operating con- 
ditions represented. The combined samples are thus mxore 
true than any single small sample in the sense bhat the 
influence of accidental occurrences, such as the encoun- 
tering of an unusually strong gust in sample 5, is sub- 
merged in the m:\ss of data; that is, accidental occur- 
rences of this ::ort occur in sufficiently large number 
within a sam.ple of large scope that they become more 
truly representative of the average conditions. .Fig- 
ure 2 shov/s this effect clearl:;-; the combined sample 
5 and 6 and the combined samnle 1 to h. have relatively 
uniform distributions lying between the extreme distri- 
butions of sainnles 7 and 9» 

For comnarison with the s^unples presented herein, 
distribution Dolygons of Ue have been constructed 

from liaul^s data with a clas3 Interval of k.^. It may 
be seen from figure 2, v/hich shows the envelopes of the 
nolygons for Kaul^s data, t'-^at the German and the 
American results are in very good agreement. 

Influence of airplan e char acteristics and source 
of t urbulence.-^ it is evident from the r)receding dis- 
cussion that the major discrepancies between the fre- 
quency distributions for the various samples can be 
accounted for largely by accidental occurrences during 
the operations, '^.\^iien the scope of the samples is 
sufficiently increased to be representative of average 
operating conditions, these accidental influences are 
not so strong and the frequency distributions tend to 
fall into the same pattern regardless of the source 
of the data. The results therefore indicate that 
individual gusts in turbulent regions of the atm^osphere 
are distributed on the whole in a fixed manner irrespec- 
tive of the location of the curbulent regions and of the 
source of the turbulence. 

Figure 5 fi^rther illustrates the similarity of 
distribution for different samples. Sample 3 was 
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obtained at high altitude within cumulo-nimbus and 
cumulus- conge stus clouds and represents turbulence 
having its origin in thermal convective processes. 
Sample 10, on the contrary, was obtained at very low 
altitude in the absence of thermal effects and the 
turbulence arose from the shearing of the wind in the 
earth's boundary layer. Notv/iths tanding these con- 
siderable differences in the aerological conditions, 
the frequency distributions are nearly the same and they 
are also in close agreement with those from other sources • 

Another point, most clearly evident from samples 8 
and 10 but also evident from the other data, is that 
the distribution of turbulence as measured is largely 
independent of airplane size and other airplane charac- 
teristics. The close similarity of the distributions 
for sa2nple 8 (obtained with the Lockheed XG-$5 airplane), 
sample 10 (obtained with the Aeronca C-2 airplane), 
and the samples from, the airline operations indicates that 
the basic assumptions and concepts underlying the gust- 
load formula (equation (1)) are correct. 

Influence of di stu.rbed motion of air-olane in 
continued severe turbulence .- Although the foregoing 
remarks about the influence of the airplane character- 
istics apply on the average, in continued severe 
turbulence the frequency distribution m.ay anpear to 
contain abnormal frequencies in the higher classes 
unless precautions are taken to eliminate the effect of 
disturbed and controlled motions of the airplane. In 
the flight from which sample 9 v;as derived, which was 
the roughest of a large number of flights through 
cumulo-nimbus clouds, the airplane motion was con- 
siderably disturbed from the desired straight path, 
so that the gyroscope of one of the flight instruments 
was at times put out of action (reference 9)* Under 
these circumstances the airplane v/as subject to moderate 
acceleration fluctuations of long period upon which the 
short-period accelerations due to the turbulence were 
superimposed. 'A^ien the count v\^as made in the described 
manner chosen for the general analysis, abnormally high 
values of effective gust velocity v/ere ascribed to the 
various frequencies and the polygon appeared full 
(fig. I|.). VJhen the count was miade vv^lth respect to the 
variable datum caused by the disturbed motion rather 
than with respect to the 1 g datum, the frequency distri- 
bution conform.ed more nearly to the distributions of the 
other samples. The corrected nolygon retained a certain 
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degree cf fvllness, however, which may be ascribed to 
actual greater frequonc^^ of the n:ore severe gusts. 

r-i f ferences between two r)olygons like those shown 
in figure I4. r)rovide means of evaluating the effect of 
the disturbed motion on the frequencjr of applied loads. 
The data given here apply specif icalij^ to the char- 
acteristics of the XC-35 airnlane and cannot be safely 
apnlied to other cases. This fact is of small concern, 
because large disturbed motions are rarely encountered 
in normal operations, so that such effects as are shown 
in figure I4. woiild hardly be noticeable in a sample 
representing large scope of operations. 



Factors Governing Estimation of Total Frequencies 

Average an d s tandard gust i ntervals . - Tli e fact 
that the frequency distribution follows a fixed pattern 
for sam-ples of large scope indicates that the total fre- 
quency is proportional to the distance flown within tur- 
bulent regions. Conversely, the average spacing betv/een 
gusts is inversely proportional to the distance flown. 
In order to provide a useful basis for estimating the 
total frequencies of significant gusts (namely, those 
causijig measurable acceleration of an airnlane), the 
term "average gust interval" X^^ is introduced. This 

term is defined as the average distance along a flight 
nath in turbulent air between significant gusts. N''jimer- 
ical values of have been derived from the total 

frequencies of samnles 5, 7, 3, 9, and 10 and are given 
in table IV. In evaluating the actual path -lengths 

in rough air, which are also given in table IV, were 
divided by the total frequencies. 

The average gust interval is plotted against 

mean wing chord In figure 5- T'^^^ dependence of Xr^y 
on airplane size is evident, although the exact nature 
of the relationship is not entirely clear from the 
figure. The average gust interval for the four samples 
shown in figure 5 1^ 11 chord lengths. This value may 
be used to estimiate total frequency when the path length 
in turbulent air and the airplane size are known. 
Although the points on figure 5 '^^ ^"^ot fall on a straight 
line, they could probably be made to do so by suitable 
correction. Figure 6 of reference 10, for example. 
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shov/s a marked tendency for average gu3t interval to 
increase with gust intensity; corrections for this effect 
would raise the point for sample 7 lower the point 

for samples 8 and 9* 

Path ratio.- In order to estimate the total fre- 
qTiencTes~"f or actual operating conditions over a long 
T^eriod of oiDerations, it is necessary to know something 
about the percentage of the Dotal flight path that falls 
within regions of turbulence or about the actual total 
frequencies that occur within total paths of operation 
of large scope. Information on the relative period of 
oneration within turbulent regions is given in table IV 
for samples S and 7 in terms of the path ratio R. The 
total frequencies are 



or 



RL 

? = 52do — 

ay 



F 5230 ^ (2) 
11c 



when L is in miles, X^^y is in feet^ and c is in 
feet. 

Although the path ratio is not known for bhe other 
samples to which such a ratio is applicable, the total 
frequency of sample 1 is estimated at 1,600,000 gusts 
to a threshold value of Uq = 0.5 foot per second in 
the manner previously explained. Because this total 
frequency applies to a path of operations of lli.5,000 miles 
and because the mean chord was about 10.5 feet, R is 
approximatelv O.2I4. from equation (2), 

Operating conditions .- The path ratio and therefore 
the total gust frequency for any path of operations 
manifestly v^^ill depend on the operating conditions. A 
feeder-line transport operating overland at low altitude, 
for exam.ple, would be expected to enco-anter a greater 
percentage of turbulent air than an airplane operating 
at high altitude above the mechanical turbulence near 
the ground axnd above most of the convective clouds. 
Although the operating conditions are important in 
defining total frequencies , the data available at this 
time are too sketchy to permit correlations between 
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total frequencies and the factors composing the operating 
conditions . 

In order to •^ermit estimations of total frequencies, 
all available Tjertinent data including those from German 
sources have been asseinbled in table V. The first four 
sets of German data in table V have been based on the 
data of reference 5. Ov;ing to the fact that Freise 
presented frequexicles for noncontiguous classes, the 
total frequencies given v/ere obtained by multiplication 
of the frequencies counted by Preise by 2.5, which is 
the ratio of the Interval between class marks to the 
interval within wh? ch the original count was m.ade . The 
path ratios from the German data were estimated by 
application of eq^.^ation (2). 

In applying the data of table V to the estimation 
of total frequencies,, some nidgmont will have to be used 
to ensure that values of path ratio most nearly repre- 
senting the operating conditions are used. It will be 
noted that path ratios range from abouc O.OO6 to 0.2[|., 
with an average value of about 0.1. 



APPLICATION 0? GUST FREQUENCIES TO 
ESTIMATION OF STRESS FREQUENCIES 
Choice of Gust- Frequency Distribution 



The relative-frequency polygons representing the 
available data permit some latitude in the selection 
of a frequency distribution to be applied in a design 
problem. Choice o:^ a conservative gust- frequency dis- 
tribution for use in estimations of stress frequency 
depends upon the relative significance of the sm.all 
and large stresses in the oroblem under analysis. If 
the problem is to determine the probability of occur- 
rence of large stresses in excess of the sbrength of 
the structure at the design limit load, a more con- 
servative estimate will result from the selection of a 
frequency distribution having relatively high frequencies 
at the higher values of effective gust velocity. For 
other purposes, the selection of a distribution having 
the higher frequencies at the low effective gust 
velocities may give a more conservative estimate. Two 
limiting relative-frequency polygons, A and B, repre senting 
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the anyjjroxiraate limits of the data are shown in figure 6. 
Polygon A has previously been used as "relative distri- 
bution A" to facilitate comparison of the data shown in 
figures 2 to Per some purposes suiiimation curves, or 

ogives (reference 3), are laore convenient representations 
of frequenC'^ distributions than fi^equency nolygons. 
Unit svLrrmatlon curves corresponding to polygons A and B 
of figure 6 are therefore given in figure 7- 



Relation betv;een Effective Gust Velocity 

and Stress in the Structure 

Direct application of the gust-frequency distribu- 
tion and the total frequency by means of equation (1) 
with the usual design assumption of static load will 
yield approximately correct values of stress frequency. 
There are, however, several phenomena that modify the 
actual stress frequencies from the stress frequencies 
estimated in this simple manner. These phenomena 
include : 

(1) Superncsi t ion of urxcounted small gusts on the 

larger gusts counted 

(2) Distribution of gust velocity across the span 

(5) D;?namic response of the structure 

Uncounte d suTjerimposed gusts.- As previously men- 
tioneo"]! the minor -oeaks in the acceleration records 
were not ordinarily counted unless they occurred as 
single phenom.ena between two conseoiitive intersections 
with the Ig datum. A special total count of these neg- 
lected peaks was made in one case from a clean-cut 
record without reference to the exa-ct m.agnitudes of the 
acceleration increments or to the acceleration level at 
which they occurred. It was found that the number of 
these small sunerlmnosed -neaks v/as aboiit twice the uotal 
frequency counted in the manner adopted for the general 
analysis. These superimposed peaks v.-ere irregular in 
shape, sequence, and time or place of occurrence. The 
magnitudes of"" the- super im.pos-ed. acceleration peaks with 
respect to the adjacent acceleration levels were small 
and did not in any case exceed a value corresponding to 
AUo = k.^ feet per second. The great m.ajority of these 

peaks were -near-- the threshold value of 0.$ foot per second. 
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Discussion of the reason for the consistently 
small magnitude of the su^erlraposed peaks is "beyond 
the scope of this paper, as the question of the rela- 
tionship between gust intensity and gust dimensions 
and the question of the probability of superposition 
of rando^fily distributed gusts are involved. 

Kaul (reference 2) reports a similar count of 
superimposed peaks from a record of wing-tip deflection. 
Kaul imiplied that the acceleration records did not 
contain such neaks and that the extra peaks counted 
were due to daiapecl vibration of the wing structure 
after disturbance b"^ the individual gusts. The ratio 
of the number of extra peaks to the number counted 
v/ith respect to the Ig datum was, however, about 2 - 
a result that, is in agreement v\jith the authors^ count 
of the extra acceleration peaks. It sooras probable, 
therefore, that some additional acceleration peaks due 
to superimposed gusbs and somie acceleration peaks due 
to vibration response of the wing-fuselage system^ were 
actually counted in both cases. 

So far as the ]nere question of gust frequency 
is concerned, without regard to superposition, these 
additional small peaks may be placed in class 1. The 
inclusion of such s'aall peaks in a fatigue test, however, 
cannot properly be effected on the basis of this simple 
classification. If the superposition of the additional 
small peaks Is felt to influence the fatigue strengbh 
to an important degree, the phenomenon of superposition 
must be taken into account o The superposition may 
perhaps be pictured sufficiently well for application 
to fatigue tests by imagining the periods of the 
various stress cycles to be proportional to the 
amplitude. Further, assume the cycles corresponding 
to the basic gust frequency distribution to be applied 
without superposition. Finally, superimpose the 
additional small cycles on the basic cycles of class 2 
and of the higher classes, distributing the additional 
small peaks uniformly along the time scale to determine 
the nujTibers to be superimposed on each basic cycle. 

The actual application of surerim.posed cycles in 
fatigue testing is a difficult matter and requires 
either the construction and use of a family of summation 
curves with m.ean stress as a parameter or the construc- 
tion of a com.plex fatigue miachine with which the small 
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cycles can be superimposed on the larger cycles. The 
derivation of the surmnatlon curves would require that 
the basic stress cycles be considered as square waves 
for the purpose of establishing a finite number of mean 
stress values, and the actual testing would involve bhe 
difficulty of occasionally holding the mean stress levels 
at very high values while the small cycles were being 
applied . 

Distr ibution o f gust velocity along span .- The 
distribution of gus"t velocity along the s^an of a wing 
is not alv;ays uniform, so that the usual assumption of 
uniform distribution leads to sc;m.e error in estimation 
of stress frequencies from the gust frequencies. The 
results of the gust investigation with the air- 
plane indicate bhe various typical spanv^rise distribu- 
tions that actually occur and the frequency of each 
type. If desired, further refinement of the stress 
frequencies can be made from these data, which are 
rer)orted in reference 11. 

D;.Tiam ic response of the structure .- Owing to the 
flexibility^ of wirg structures, accelerations caused by 
gusts vi^ill not be the same at all points along the 
span. The accelerations at the v/ing tips will be 
somewhat greater than and out of phase with those at 
the .fuselage. Some calculations pertaining to two 
typical large airplanes (reference 12) and tests in 
the Langley gust tunnel indicated that the maximum tip 
acceleration at about 200 miles per hour was about 
twice the acceleration at the fuselage and occurred 
earlier than the fuselage acceleration. The wing 
oscillation in these cases damped out in 1 to 2 cycles. 
The effect of such dynamic action is to cause, at the 
outer portions of the wing primary structure, super- 
im.posed stress cycles with a maximimi amplitude about 
10 percent of the static stress for the uniformly 
distributed gust. 

Because the natural period of vn.ngs increases 
alm„ost in direct proportion to the vving linear dimensions 
and because the size of gusts to vdi^ch airplanes will 
respond also increases as the airplane size, the ratio 
of natural ^eriod to period of application of load 
remains about constant for constant flight speed. The 
dynamic response of the structure would, therefore, 
appear not to increase with airplane size. 
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If desired, the additional frequencies of the small 
dynamic stresses at the cuter portions of the wings can 
be Included in the same manner as the un.counted super- 
imposed gust frequencies. 

Experi mental ev idenc e Some test results from, 
the stress aricPacc'eTera t i on measurements on tlrie IvI-150 
and the B-I5 airplanes are shown in figtires 8 to 10. 
Comparative stress frequencies cannot he shov/n, but the 
figures illustrate the degree of agreement between peak 
stresses as measured and as would be calculated by the 
usual assumption of static load for the corresponding 
measured accelerations. 

For the Iv:-150 airrlane (fig. 8) a datum stress 
Increment corres-oondlng to application of a load factor 
of 1 was determined by taking the difference between 
stress while in level flight in smooth air and stress 
while at rest on tlie water* Correction was made for 
v/ing weight. The olot therefore indicates the agree- 
ment between gust-Induced stresses as measured and 
gust-induced stresses as determined by mail tiplication 
of the datum stress by the measured acceleration. The 
distribution of the points along a line of [j.^^ slope 
indicates excellent agreement; this result and the lack 
of scatter beyond the lim.ius of error denote lack of 
serious dynamjic response of the structure. 

The results shown for the 3-3.5 airplane in fig- 
ures 9 10 are given simply as plots of measured 
stress against measured acceleration because a datum 
stress increment was not measured. The stress-load 
relationships shown are, however, substantially linear; 
this fact, together with virtual absence of scatter 
beyond the limits of error, shows absence of serious 
djTiamic response . 

These results indicate that, with the exception 
of the small uncounted superimposed stress peaks, the 
stress frequencies of the primary wing structure will 
be given with sufficient exactness, for all practical 
DurDOses, by application of the giist frequencies through 
equation (1) and the visual assumption of static load. 

Application to tail surface s,- Tlie gust-frequency 
data given herein are not directly applicable to tall 
surfaces, Som.e unpublished flight data on the relative 
magnitudes of effective gust velocities on wings and 
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tail surfaces indicate, hov;ev3r, that a rough approxi- 
mation of the tail-load frequencies might be obtained 
by utilizing the gust frequencies given here and by 
multiplying the values of effective gust velocity by 1.6 
for the vertical tail surfaces and by O.5 for the 
horizontal tail surfaces. 



CONCL^INa REIJARKS 



Available flight data are sufficient to indicate 
that the distribution of gusts v^ithin turbulent regions 
of the atmosphere follows a substantially fixed pattern 
Vi/hich is independent of the source or cause of the 
turbulence. The average interval between gusts causing 
measurable airplane response is about 11 chord lengths, 
and the total frequency of significant gusts in any 
stretch of rough air is therefore the length of the 
flight path in rough air divided by 11 times the mean 
wing chord. 

The total gust frequency to be expected during 
the operating life of an airplane depends upon the 
operating conditions, v;hich detemine the ratio of 
path length in rough air to the total path of opera- 
tions. Information on the path ratio as a function of 
operating conditions is sketchy at this time and 
should be supplemented by further measurements. Prom 
the available information, the average path ratio for 
a variety of operating conditions is about 0.1, although 
individual values vary between about 0,006 and 0.2l|.. 

The available data on gust frequencies nermit 
approximate determination of stress frequencies in 
the nrim.ary structures of airplanes due to gusts. 
These frequencies anoear to describe adequately, for 
many design purposes, the stress conditions for 
transport- type airplanes in flight. Supplementary 
information on stresses in secondary members of the 
structure and on the additional frequencies of sm.all 
stresses in the primary structure resulting from dynamic 
structural response and nonlinear lateral gust distri- 
bution is desirable. This information will have to be 
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obtained by stress measiirerient s correlated with airplane 
size, dead-weight distribution, and other factors. 
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TABLE I 

CHARACTERT3TTCS OP AIRPLANES PROM WHICH SAMPLES 
OF GUST- FREQUENCY DATA WERE OBTAINED 



Sample 


Airplane 
type 


Weight In flight 

(lb) 


Wing area 

(•q ft) 


Wing loading 
(Ib/sq ft) 


Span 
(ft) 


Mean 
(ft) 


Relative 

factor, 
K 


Slope of 
lift curve, 
a 


1 


Pord 5 -AT 


^13,500 


835 


16.16 


77.8 


10.75 


1.000 


i+.76 


Pokker P-IO-A 


^10,500 


728 


15.30 


71.2 


10.22 


0.995 


i^.76 


Boeing 1^0-3 


^6,030 


51^5 


11.1 


a.2 


6.6 


0.905 


5.9 


Boeing 80-A 


16 000 


1220 


1^ 1 


3o 


Q n 




)i 0 

q.. 'J 


2 


Boeing B-2I4.7 


11,100 


856 


15.5 


7k 


11.0 


0-955 


14-. 52 


3 


Douglaa DC-2 


15,500 


938 


16.5 


85 


11.0 


1.005 


I1.65 


h 


Douglas DC-5 


21,000 


938 


20.i|. 


95 


lO.liO 


1.05 


I+.79 


5 


Martin M-I50 


14-0,000 


2270 


17.60 


150 


16.70 


1.020 


1+.66 


6 


Martin M-I50 


Uo,ooo 


2270 


17.60 


150 


16.70 


1.020 


U.66 


Boeing B-51I1. 


71,500 


2868 


21;. 90 


152 


17.70 


1.035 


1^.69 


7 


Boeing B-15 


55,000 


2780 


19.3 


li;9 


18.65 


1.0l|i| 


U.76 


8 


Lockheed XC-55 


10,500 


1+58 


22.90 




9-25 


1.070 


5.95 




Lockheed XC-55 


10,500 




22.90 


55 


9-25 


1.070 


5.95 


10 


Aeroncft C-2 


782 




5.U3 


56 


U.o 


0.772 


i;.75 



Gross weight. 
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TABL2 II 

OPERATING CONDITIONS REPltSSSNTED BY SAMPLES 



Sample 


Al rr)lane 
type 


Route 


Topography 


Mean 
al tl tude 
above sea 

level 

(ft) 


Flying 
time 
(hr) 


Remarks 


1 


Ford S-AT 
Pokker p-lO-A 
Boeing i4.0-B 
Boeing 80-A 


Various routes 
In U.S. 


All types 
in U.S. 


1^,000 


1,320 


Early domestic transport operations 


2 


Boeing B- 21^.7 


Various routes 
In U.S. 


All types 
in U.S. 




12,2i|7 


Domestic transport ^Derations 


3 


Douglas DC-2 


10,531^ 




Dou.^las DC-5 


19,3214. 


5 


P.^Grtln M-150 


AlaT.eda to Kong Kong 


Oceanic 


10,000 


115 


Operations on Pacific Division 
of Pan American Airways Systeix. 
Short stretch of extremely 
rough air experienced during 
operations 


6 


Var'tln M-150 
Boeing 3-31I4- 


Alameda to Hong Kong 


Oceanl c 


10,000 


12,232 


Operations on Pacific Division 
of Pan AiTierican Airways Systenj 


7 


Boelng B-I5 


Various roiites In U,3, 
and one round trip 
from Lang ley Field, 
Va. to C:»nai Zone 


All tyT'CS 
in U.3. 

and 
oceanic 


5,000 


313 


Miscellaneous Army peacetime opera- 
tions. Turbulent regions. In 
f^eneral, avoided 


3 


Lockheed XC-35 


Viclnltv of Langlay 
Field, Va. 


Flat, 
wooded 




3.13 


Flight selected at rancom from .«i 
number of ^U3t surveys cf cumuius- 
congestus tind cumulo-rilTibua clovids 


Q 


Lockheed XC-35 


Vicinity of Langlev 
Field, Va. 


Plat, 
wooded 




2.26 


Rour'rhest fll£,ht selected from gust 
serve cf cumulus -con^e 3 tus Jind 
cumulo-nl m JUS clouds 


10 


Aeronca C-2 


Vicinity of Langley 
Field, Va. 


Flat, 

wooded 


5U0 


2.67 


Fll^t selected at random from s 
nuriber cf ,_;u3t suri-eys In earvi-i's 
boundary layer 
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TABLE III 

TOTAL FRSQTJKNCIES AND PRSQUENCY DISTRIBUTIONS 



Sample 


Class 
interval 
( f ps ) 


Threshold 
values of Uq 

(fps ) 


Total 
frequency 


Sign of 
gust 

H 1 T»*i 1 0 n 


Class 


1 


2 


5 


k 


5 


6 


7 


8 


9 i 10 




12 


Frequency 


1 




9.0 












lOD U 




Qc; 


^7 


■7 

r 


0 


U 








- 








2703 


797 


182 


50 


15 


5 


0 






2 


I4..50 


on 0 
<iU , J 




+ 






~ " ~ ~ 






5 


5 


1 


0 


0 




'■' 




- 

















6 


1 


1 


0 


0 







z 
























1 


0 


0 


0 


0 


- 






- 












z 


r\ 
U 


U 


u 


r\ 
U 






h 




20.0 
















15 


6 


2 


2 


1 




















9 


5 


6 


1 


1 








2 .00 


0.5 


0 Q r\C 
2,095 




1,280.5 


125 


28.5 


10 


1.5 


1 


0.5 


0 


0 


0 


0 


0.5 




1,280.5 


125 


23.5 


10 


1.5 


1 


0.5 


0 


0 


0 


0 


0.5 




2.83 


20.0 




















1 


2 


0.5 


0 


0 




















1 


2 


0.5 


0 


0 


7 




0.5 


26 , OI4.6 




11,863 


1002 


Ilk 


17 


16 


1 


2 


2 


0 


1 








ll,95i4- 


9I+8 


97 


51 


7 


5 


2 


0 


1 


0 






8 




o.k 


2,561+ 




1,051 


221 


23 


k 


1 


















1,050 


258 


16 


0 


0 
















^9 




o.K 






1,085.5 


U18 


155 


57 


15 


6 


1+ 


2 












1,085.5 


l|i8 


135 


57 


15 


6 




2 










10 


3.00 


0.2 


5,561 




1,71+0 


755 


162 


53 


1+ 


2 
















2,080 


1+62 


107 


26 


5 


0 















^Positive and negatlre accelerations not separately counted. 
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TABLE IV 

AVERAG3 GUST INTERVALS AND RELATED DATA 



Sample 


Total 

flying 
time 
(hr) 


Flying time 
In rough air 
(hr) 


Average 

true 
airspeed 

(raph) 


Path of 
operation, 
L 

(miles ) 


Path in 
rough 
air 
(miles ) 


Path 
ratio, 

R 


Average 
gust 
Interval, 

^v 
(ft) 


Gusts per 
mile of path 
of operation, 
F/L 


1 
2 
5 

)i 

6 

7 

8 

9 
10 


1,520 

10,551+ 
19,52lt 
115 

12,252 
515 




110 

11+7 

180 

180 
151 
151 
155 
170 
170 

75 


11+5,000 
1,800,000 
1,900,000 
5,1+80,000 
17,1+00 

1,850,000 
1+7,800 








































0.6? 


101 


0.0053 


180 


0.166 


.55 
.U5 
.65 


71+1 
60 

75 

49 


.0155 


150 

150 
^1^9 

i+a 


.51+1+ 



























^ValuG baaed on special count from variable datiom caused by disturbed motion of airplane 
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TABLE V 

TOTAL FREQTTSNCrES, PATI! RATIOS, AND OPERATIMGf CONDITIONS 
OF AMERICAN AND GERMAN TRANSPORT OPERATIONS 



Route 


Topography 


Average 
flight 
altitude 
above sea 
level 
(ft) 


Path of 
ODeratlon 
(miles ) 


Total 
frequency 


Total 
frequency 
per mile of 
operations 
corrected to 
c = 10 ft- 


Path 
ratio, 

K 


Remarks 


American data 


Various routes 
in U.S. 


All types 
in U.S. 




li;5,000 


1,600,000 


11.6 


0.21, 


Early done^ti^ 
transport data 


Alameda to Hong Kong 


Oceanic 


10,000 


17, 14-00 


2,895 


O.27S 


0.0058 


Cloud formations mostly 
avoided 


Various routes in U.S. 
and one trip from Va. 
to Canal Zone 


All tyoes 
in U.S. and 
oceanic 


5,000 


1+7,300 


26,014.6 


1.02 


0.0155 


Turbulent air mostly 
avoided 


German data 


Berlin to Vienna 


Low and flat 
to mountainous 


2,700 


7,1+00 


30,800 


7.05 


0,114.7 


Operations on Deutsche 
Lufthansa with early 
types of German trans- 
port airplane 


Berlin to Konigsberg 


Low and flat 


2,000 


11,190 


20,950 


1.92 


O.OI4.O 


Berlin to Paris 


Hilly 


2,600 


7,960 


65,010 


8.53 


O.I7I1 


St'-ittp:art to P.arcelona 


Mountainous 


-'i,700 




395,500 


8.81^ 


o.iBli 


Vienna to Belgrade 


Mountainous 








I+.77 


0.0995 


Modern transport 


Azores to New York 


Oceanic 


Low 








0.0733 


Mull transport only 


Average '^^Zli 0,0^; 
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Figure 2.- Polygons of relafiye- frequency distribution of effect/ i/e gust 

i/elocity 




Effectii^e gust [/e/ocity fps 

Figure 3'Po/ygons of re/ati^e - frequency d/sfribution 
for samples selected a^t random from turbulence 
3un/eys with Locktieed XC-35 and Aeronca 
C-2 airplanes . 
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Lockheed XC-35 airplane on apparent gust 
frequency distribution in lyery rough air. 
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Figure 6.- RelafivG -frequency polygons 
defir)ing approximate limiis of samples. 
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airplane during flight through gusts . 
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